A high density 'blue' mode has been observed when operating the Helicon Double Layer Thruster (HDLT) with xenon. Using a Langmuir probe and a retarding field energy analyser (RFEA), the plasma source and exhaust have been characterized at various radio frequency (RF) powers and operating pressures. When operating at low RF powers, the HDLT prototype is shown to be in a capacitively coupled mode. As the RF power is increased, a discrete mode transition occurs over a small RF power range (at about 625 W at 0.45 mTorr) and the plasma inside the source increases in density significantly and changes to a bright white/blue colour. This high density mode exhibits hysteresis, and radial measurements inside the source reveal a centrally peaked profile that is indicative of a helicon wave-sustained discharge. The quality, or Q, factor of the matching box is determined as a function of RF power and is shown to decrease in the high density mode, consistent with the increase in plasma density observed. The xenon exhaust of the HDLT prototype is investigated axially with the Langmuir probe and the RFEA and is shown to follow a Boltzmann expansion with an electron temperature of about 6 eV.
Introduction
Radio frequency (RF) plasma sources are an attractive option for future spacecraft electric propulsion systems and, in particular, the helicon source. Compared with capacitive and inductive plasma sources operating at similar RF powers, helicon sources yield higher plasma densities, for example, n ∼ 1 × 10 19 m −3 for a 1 kW helicon source using argon versus ∼1 × 10 16 m −3 and ∼1 × 10 17 m −3 for capacitive and inductive sources, respectively [1] . Helicon sources have been proposed for generating ions for several different spacecraft electric propulsion systems including the Variable Specific Impulse Magnetoplasma Rocket (VASIMR) [2, 3] and the high power helicon (HPH) thruster [4] . These systems require very high input powers on the order of tens of kilowatts and high magnetic fields (>500 G). The recent discovery by multiple researchers of energetic ions emanating from low-pressure helicon sources with a strong axial density gradient [5] [6] [7] has resulted in the development of the Helicon Double Layer Thruster (HDLT) concept [8, 9] . A helicon source has also been recently proposed as the ionization stage for electric propulsion using ion-ion plasmas that accelerate both positive and negative ions [10] .
During recent tests of the HDLT prototype in the CORONA space simulation chamber at the European Space Agency (ESA) development centre ESTEC, a new high density 'blue' mode was discovered when operating in xenon [11] . The space simulation chamber used consisted of a 1.4 m long, 1.1 m diameter hatch that was attached, via a gate valve, to the 5 m long, 2 m diameter CORONA chamber. The gate valve was open so that the entire volume of the CORONA chamber and hatch was used. The CORONA chamber was equipped with cryogenic pumps and had an effective pumping speed for xenon of 12000 L s −1 . The hatch had a pumping speed of 7000 L s −1 . The HDLT prototype was mounted inside the hatch with the exhaust as close to the opening to the CORONA chamber as possible. Although limited diagnostics were available, the density inside the plasma source in this 'blue' mode was estimated to be over 10 18 m −3 when operating at an input power of 500 W. This high density mode was present when operating in the 0.015 mTorr to 0.15 mTorr range.
In this work, we present the first detailed characterization of the high density 'blue' mode in xenon using the same HDLT prototype immersed in a vacuum chamber at the Australian National University (ANU) that is similar to the hatch used during the ESTEC tests. We also discuss the challenges associated with operating RF antennas immersed in vacuum and modifications made to the RF matching network that enable the high power operation of the HDLT prototype.
Operating modes in RF discharges
RF plasma sources can be divided into three distinct types: capacitive (E), inductive (H) and wave-sustained (W) (e.g. helicon) discharges [12] . In the capacitive mode, which typically occurs at low powers, power is coupled to the mobile plasma electrons. These electrons oscillate back and forth in response to the instantaneous electric fields produced by the RF driving voltage on the antenna. In capacitively coupled systems, the plasma density inside the source is known to increase proportionally with the square root of the input power [12] such that n ∝ P RF .
Inside the source, the radial density profile is often close to a cosine with the density at the sheath edge approximately 30% of the density at the centre [13] .
In the inductive mode, the induced solenoidal electric field created by the current flowing through the antenna accelerates the electrons. In inductively coupled systems, the plasma density increases linearly with increasing input power [14] , such that n ∝ P RF .
The radial density profile inside the source is characterized by a hollow density profile with two distinct maxima or shoulders [12] . In wave-sustained discharges such as helicon sources, magnetic coupling between the antenna and the plasma excites a helicon wave that transfers energy to the plasma, most probably through Landau damping. When the wavelength of the helicon wave is sufficiently short to fit inside the source, the overall density increases significantly and the central density in the source also increases. This results in a radial density profile with a pronounced central maximum [15] . In the helicon mode, as the input power is increased, the density often, but not always, increases exponentially such that
Helicon waves are associated with very efficient plasma production and high ionization rates. Therefore higher densities can be achieved than with capacitive or inductive plasma sources. This is of particular interest for propulsion applications as the thrust produced is a function of the density of ions expelled. High ionization rates also greatly enhance the electrical and mass utilization efficiencies of the propulsion system. Mode transitions, as the RF power applied to the discharge is increased, have been widely reported [12, [14] [15] [16] [17] . As the RF power is increased, discrete 'jumps' in the plasma density are observed when the plasma transitions from the E to the H mode and from the H to the W mode. These transitions are also accompanied by changes in the matching of the plasma and in the case of the H-W transition a luminous bright zone, or 'blue core', in the centre of the discharge has been reported when operating in argon [18, 19] . Transitions directly between the capacitive and wave-sustained modes (E-W) without passing through the inductive mode have been reported [17] . The mode transitions are also known to have considerable hysteresis as the RF power is increased and then decreased.
RF antennas in vacuum
The operation of RF antennas in vacuum presents several challenges that are relevant to the use of plasma propulsion systems such as the HDLT and testing such systems inside vacuum chambers. Antennas immersed in vacuum can come into contact with the plasma [20] and if one end of the immersed antenna is grounded, direct currents flow from the plasma to ground. This also results in an additional Ohmic loss term that can reduce the plasma density. Researchers have also reported [21] [22] [23] [24] small pinpoint discharges, known as microarcing, occurring on the inside walls of vacuum chambers as the power applied to an immersed antenna is increased. These discharges, along with the formation of parasitic plasma around the antenna itself, can damage components and result in the release of impurities and undesirable deposited coatings on the vacuum chamber and the propulsion system being tested. The discharges also reduce the fraction of the input RF power that actually produces the plasma inside the source, which reduces the electrical and ionization efficiency of the system.
To minimize these problems, the immersed antenna can be dc isolated by adding a blocking capacitor to the matching network. This capacitor acts as a dc block and allows the antenna to develop a negative self-bias with current flowing only during the charge up stage of the capacitor (some tens of microseconds). However, this approach results in the formation of large negative self-biases on the antenna, which can result in severe sputtering of the antenna material [25] . If not managed correctly, the sputtered material can accumulate on the plasma source tube and electrical connectors and create paths to ground. This can also cause damage to the antenna and other components as well as change the plasma parameters dramatically.
Experimental apparatus
The HDLT prototype and the vacuum chamber in which it is installed have been previously described [9] and are shown in figure 1 . The vacuum chamber is 1 m in diameter and 1.4 m long and has a base pressure of less than 9 × 10 −7 Torr with an effective pumping speed measured for xenon of approximately 210 L s −1 . The HDLT prototype consists of a Pyrex source tube (5 mm wall thickness), with a closed end of Pyrex, that is 15 cm in diameter and has a length, and hence insulating plasma cavity, of 29 cm. The end of the HDLT structure is at z = 0 cm and the end of the HDLT source tube, and hence the exit of the thruster, is at z = 3 cm. The solenoids of the HDLT prototype produce a divergent magnetic field with an axial maximum of 138 G at z = −5 cm that decreases to a few gauss downstream. The applied magnetic field remains constant for all experiments in this study. Figure 1 . The HDLT prototype installed inside the vacuum chamber with diagnostic probes shown. The radially installed probe is not shown for clarity but is installed via one of the side ports. The HDLT prototype consists of the HDLT structure (A), the Pyrex source tube (B), shielded copper rods attached to a double-saddle field antenna (C), a nylon propellant line (D) and two solenoids (E).
The HDLT source tube is surrounded by a double-saddle field antenna, based on that invented by Boswell [18, 19] , which is supplied with RF power at 13.56 MHz. The antenna is constructed from copper with a 25 µm silver plating and is 18 cm long. It is attached to and electrically isolated from the inside of the grounded HDLT structure by Macor insulating standoffs. The antenna is a few millimetres from the source tube to minimize capacitive coupling and to limit thermal effects. The antenna is not in contact with the source tube and is in vacuum.
The RF matching network/generator is located on the outside of the vacuum chamber and is connected to the antenna of the HDLT by two 6 mm diameter copper rods. At one end, the copper rods attach to the antenna and are electrically isolated from the aluminium HDLT structure by Macor standoffs. The copper rods extend radially towards a port on the side of the vacuum chamber and are enclosed in a copper shield to form a Faraday cage for shielding. The ends at the vacuum chamber wall are connected to a vacuum RF feedthrough that forms part of the RF matching box.
The matching network is a custom built L impedance matching network that uses two tunable vacuum capacitors housed in a matching box constructed from copper sheet and fan cooled. The matching box is connected to a 30 dB RF coupler and a Revex W502 S.W.R. (standing wave ratio) and power meter that is used to measure the forward and reflected power. The RF coupler is also attached to an oscilloscope that also enables the forward and reflected power to be monitored. The RF power (13.56 MHz) is provided by an ENI Power Systems ACG-10 single phase RF generator with a maximum output of 1200 W. The applied RF power can be pulsed but in this work the RF power is continuous and all measurements are made under steady-state plasma conditions. Figure 2 shows a schematic of the matching network circuit. The C 1 vacuum capacitor is in series and is a tunable vacuum capacitor rated for up to 15 kV at 500 pF. C 2 is in parallel and is also a tunable vacuum capacitor rated for up to 5 kV at 2000 pF. The matching network circuit also includes a 9 nF blocking capacitor, C block , which isolates the antenna from ground as discussed earlier. Without a blocking capacitor installed two undesirable phenomena are observed with this apparatus. Firstly, micro-arcing occurs on the grounded HDLT structure and the walls of the vacuum chamber when the RF power is increased beyond 350 W and secondly, the plasma often escapes from the source tube and forms around the antenna in the cavity between the HDLT source tube and the grounded HDLT structure when operating with xenon at pressures above 0.2 mTorr. Interestingly, the latter only occurs at pressures above 4 mTorr when operating with argon or carbon dioxide. Neither of these problems were observed during the testing campaign at ESTEC mentioned earlier. During those tests, the same HDLT prototype was used except that no blocking capacitor was included in the matching network. This could be because of much lower residual gas pressure outside the source tube due to the significantly higher pumping speeds of the test facility (hence higher gas flow rate for a given pressure), although only limited tests were undertaken and so these phenomena could have been present but not observed.
Diagnostics
A 'dogleg' Langmuir probe with a 3 mm diameter disc tip is used and can be installed axially via the end port or radially via a side port of the vacuum chamber (figure 1). It is used to determine the plasma density, n, and the dc and RF components of the floating potential, V f dc and V f RF , respectively since V f = V f dc + V f RF sin ωt. When installed axially, the probe disc is positioned on the centreline of the vacuum chamber and HDLT source tube at r = 0 cm. Measurements can be made between z = −5 cm to z = 53 cm, that is from 8 cm inside the HDLT source to 30 cm from the back wall of the vacuum chamber. When installed radially, the disc of the dogleg Langmuir probe is placed at z = −0.5 cm, that is 3.5 cm inside the HDLT source. The probe disc can be moved radially from r = −7 cm to r = 3.5 cm. Care must be taken to ensure that the support tube of the Langmuir probe does not make contact with the HDLT source tube and therefore a full sweep across the diameter of the source tube is not possible in the current configuration.
By biasing the Langmuir probe to −73 V with respect to ground, and measuring the ion saturation current I sat , the local plasma ion density, n, is found using
where e is the electron charge, A p is the area of the Langmuir probe and c s = (kT e /M) 1/2 , where k is Boltzmann's constant, T e is the electron temperature and M is the xenon ion mass. To measure the two components of V f , the floating potential, the Langmuir probe is left open circuit and connected directly to the 1 M input of a digital multimeter and the voltage recorded. A retarding field energy analyser (RFEA) is mounted axially on the centreline of the vacuum chamber and HDLT source tube with the RFEA entrance orifice facing the HDLT exhaust as shown in figure 1 . The RFEA is based on earlier designs [26, 27] and is used to determine the ion energy distribution function (IEDF) and the plasma potential of the plasma created by the HDLT prototype. Full details of the integration of the RFEA with this test facility and the data collection and analysis techniques are available elsewhere [9] . Measurements are made with the RFEA from inside the HDLT source (z = −7 cm) into the downstream region in the vacuum chamber (z = 50 cm) along the vacuum chamber centreline (r = 0 cm).
A Tektronix P6015A 1000× 3.0 pF 100 M passive high voltage probe, attached to a HP54600A oscilloscope, is used to measure RF voltages at different locations on the matching box circuit (see figure 2 ).
Experimental results and discussion

Source characterization
In order to characterize the high density mode found in xenon, measurements were made using the Langmuir probe positioned inside the HDLT source tube at various operating powers and pressures. At an operating pressure of 0.45 mTorr and with the Langmuir probe positioned on the centreline, 8 cm inside the source at z = −5 cm and r = 0 cm, the density was measured as the RF power was increased. As shown in figure 3 , the plasma density in the source increases as the RF power is increased until a dramatic increase in the plasma density occurs at about 625 W. The plasma density in the source then continues to increase with increasing RF power. The change in mode is easily identified as the appearance of the plasma changes from light purple prior to the transition and to bright white/blue once the transition occurs. The matching is adjusted for each RF power and the change (mostly C 2 ) is maximum at the transition. Over the region of the transition, the plasma density inside the source increases by 2.3 times from ∼2.1 × 10 17 m −3 at 610 W to ∼4.9 × 10 17 m −3 at 635 W for these operating conditions. The pre-transition condition is termed the low density mode and the post transition condition the high density mode.
The transition here occurs at similar RF power to that observed during the tests of the HDLT prototype at ESTEC [11] . The density measured in the source is an order of magnitude lower than that which was estimated in the source during the ESTEC tests, however the operating pressure was significantly lower in that instance (0.015 mTorr to 0.15 mTorr compared with 0.45 mTorr here). Few measurements of mode transitions in xenon are reported in the literature, although recent measurements in the HELIX experiment with xenon have shown density increases at 550 and 750 W, determined from laser induced fluorescence measurements [28, 29] . At 750 W the plasma became bright white/blue and the change in density at 550 W was attributed to an E-H mode transition and the change at 750 W to a H-W mode transition [30] . Figure 3 also shows the plasma density at the same location as the RF power is decreased, starting at a power level with the high density mode established (800 W). In this case, the high density mode can be maintained at lower powers and the transition out of the mode occurs at about 430 W, demonstrating that significant hysteresis is present. Importantly, as the transition out of the high density mode occurs the matching of the plasma changes and the parallel capacitor, C 2 , must be returned to its previous value when in the low density mode.
With the Langmuir probe still located on the centreline 8 cm inside the source at z = −5 cm, the dc component of the floating potential, V f dc , and the RF component of the floating potential, V f RF , were measured as a function of RF power at 0.45 mTorr. Figure 4 shows that as the RF power is increased, the floating potential decreases, becoming more negative. At the transition to the high density mode (marked with the dashed line), V f RF increases significantly and then as the RF power is increased further it decreases. Figure 5 shows the change in V f RF as the RF power is increased. The variation of V f RF with RF power gives an indication of the variation of the RF component of the plasma potential, V p RF as a function of RF power [27] . At the transition to the high density mode V f RF decreases significantly, indicating that the RF modulation in the plasma has reduced and that the capacitive coupling has been reduced in favour of the inductive coupling. Hence more of the RF power goes into increasing the plasma density, which is consistent with the density measurements discussed earlier. Other researchers have reported similar changes in both the dc and RF components of the floating potential in helicon sources operating in argon when transitioning from the capacitive to the helicon wave mode [31, 32] .
Measurements of the density inside the source were also made at various operating pressures to investigate whether the mode transition scales with pressure. The Langmuir probe was again positioned on the centreline 8 cm inside the source at z = −5 cm and r = 0 cm and the density measured as the RF power was increased. The pressure was varied from 0.27 to 1.13 mTorr. As shown in figure 6 , the transition to the high density mode occurs consistently at 470 W for pressures greater than 0.61 mTorr. No transition to a high density mode occurs at pressures below 0.45 mTorr. Below 0.45 mTorr a n ∝ √ P RF trend can be fitted to the plasma density data, as shown as a solid line in figure 6 . It is clear that, for pressures below 0.45 mTorr at all RF powers and at low powers for pressures greater than 0.45 mTorr, the plasma density increases proportionally to the square root of the RF power. This is clear evidence that the low density mode is a capacitively coupled mode.
For those pressures where the high density mode does occur, both a n ∝ P RF trend and a n ∝ √ P RF trend could be fitted to the density results for this mode. The plasma could also be in a wave-sustained mode. Irrespective of the mode, the density is not increasing with RF power as much as expected. This could be the result of an increase in the volume of the downstream plasma in the vacuum chamber or a change in the spatial or volumetric distribution of the plasma inside the source. Alternatively, the density may not be as high because energy is being lost via the formation of parasitic plasma around the antenna or by ion acceleration towards the very negatively biased antenna, which results in sputtering of the antenna silver plating. The latter two options are unlikely as less secondary discharges are observed around the antenna when in the high density mode as the quality of the matching and stability of the plasma improves in this mode (as discussed later). The rate of silver sputtering was observed to be less when operating in the high density mode when compared with operating at RF powers just prior to the transition where V f RF is considerably higher. These observations suggest that the plasma volume is increasing, either downstream or inside the source. To investigate this, radial measurements were made inside the source at various RF powers.
The radial density profile inside the source can indicate whether the plasma is in the capacitive, inductive or wavesustained mode. With the Langmuir probe installed via a side port on the vacuum chamber, radial measurements were made inside the source at z = −0.5 cm at various RF powers. The operating pressure was maintained at 0.45 mTorr. shows that for RF powers of 70, 130 and 470 W, that is in the low density mode, the radial profile is very uniform and is consistent with previous measurements downstream of the heating region (or maximum density region) in capacitively coupled plasmas [17] . At RF powers beyond the transition to the high density mode, that is at 635, 800 and 900 W, a central maximum appears in the density profile. Similar central peaks have been reported elsewhere and attributed to the propagation of helicon waves [15, 17, 19, 33] . Although, this result suggests that the high density mode is a wavesustained mode it is not conclusive and further measurements with a magnetic fluctuation (B-dot) probe, for example, are required to confirm whether helicon waves are present. Such measurements will be pursued in future studies. Interestingly, increasing the RF power from 800 to 900 W does not result in a change in either the shape or magnitude of the radial density profile and the density appears to saturate. This is consistent with the earlier measurements at various pressures in the high density mode, where the density does not increase as much as anticipated. If the high density mode is a wave-sustained helicon mode, the absence of a proportional increase in density with increasing RF power could be explained by the antenna coupling with the transverse magnetic field of the helicon mode becoming increasingly inefficient [34] .
Matching box circuit
In order to investigate the electrical characteristics of the matching box and by inference the plasma, measurements were made at different positions on the matching box using the Tektronix high voltage probe while the RF power was increased. The operating pressure was 0.45 mTorr. Figures 8 and 9 show the peak-to-peak voltage measured at locations x, y and z on the matching box shown in figure 2 . The peak-to-peak voltage at position x increases linearly with RF power as is expected if the plasma is tuned correctly to the 50 output impedance on the RF generator. The peak-to-peak voltages at positions y and z will change in response to the plasma properties. Figures 8 and 9 show that the voltage at both of these locations decreases as the plasma transitions into the high density mode and then continues to increase as the RF power is increased further. The change at position y, shown in figure 9 , is particularly large (∼1.5 kV).
The quality factor, Q, is a measure of the quality of a resonant circuit and is the ratio of the power stored to the power dissipated in the circuit reactance and resistance. In this case, it can be expressed as
where V p-p@2 and V p-p@1 are the peak-to-peak voltages measured at positions y and x on the matching box circuit.
Using these values, the Q was computed and is shown in figure 10 as a function of RF power. The Q drops from about 7 to 5.5 following the transition into the high density mode. A plasma with a low (Q < 10) quality factor is easy to match and is more stable than a plasma with a higher Q [35] . This is consistent with the results here as the plasma is easier to match once in the high density mode. The decrease in Q when in the high density mode also indicates that the effective plasma resistance on the antenna is increasing and that more of the RF power is being deposited into the plasma. This is consistent with the measured increase in the plasma density in this mode and the work of other researchers [36] .
Downstream measurements
Using the Langmuir probe installed axially, the plasma density in the exhaust of the HDLT prototype was measured on the chamber centreline for two cases. Figure 11 shows the density (on a logarithmic scale) in the low density mode at 470 W ( ) and in the high density mode at 800 W (•) from inside the source to approximately 50 cm downstream. It is clear that the plasma density is not only higher in the source in the high density mode but also in the downstream region compared with the low density mode. In the downstream region beyond z = 10 cm a linear trend line can be fitted to the results for both cases shown in figure 11 . The plasma density is therefore decaying exponentially over this region which indicates that there is a Boltzmann expansion downstream. Figure 11 also indicates that the measurements in the source at z = −0.5 cm described earlier are downstream of the heating region, that is downstream from where the plasma is generated.
Axial measurements were made in the high density mode with the RFEA to determine the plasma potential. The operating pressure was maintained at 0.45 mTorr and the RF power 800 W while the RFEA was moved from 4 cm inside the source at z = −1 cm to a region far downstream at z = 53 cm. The axial potential profile, shown in figure 12 , shows that the plasma potential in the source is high at about 60 V and reduces to around 40 V a few centimetres downstream of the exit of the HDLT source tube and then continues to decay downstream as the result of ion-neutral charge exchange collisions. Detailed investigations of the IEDFs obtained is beyond the scope of this study and it is not yet known if a double layer or an ion beam are formed in the high density mode.
Using the axial density and potential profiles for the high density 800 W case, the electron temperature in the downstream region can be determined using the Boltzmann relation [37] ,
where n 1 , V local1 and n 2 , V local2 are the plasma density and local plasma potential measured with the RFEA at z = 8 cm and z = 33 cm, respectively. The electron temperature is found by rearranging equation (6) such that Figure 13 shows a logarithmic plot of the plasma density measured with the Langmuir probe versus the local plasma potential measured with the RFEA in the region downstream of the HDLT source in the high density mode at 800 W and 0.45 mTorr. The data in this region fit very well to a straight line, where the slope yields an electron temperature of 5.7 eV (from equation (7)). This result confirms that downstream of the HDLT source the plasma follows a Boltzmann expansion.
The tail of the electron energy distribution function (EEDF) downstream was also obtained for the high density mode using the RFEA in the electron collection mode. This was achieved by reversing the polarity on the grids of the RFEA. More details on this method can be found elsewhere [26, 38] . The measurement was made downstream with the RFEA at z = 15 cm, r = 0 cm and operating the plasma at 800 W and 0.45 mTorr. Figure 14 shows the natural logarithm of the electron current versus the voltage applied to the discriminator of the RFEA for these operating conditions. V d = 0 V corresponds to the plasma potential at the front of the sheath around the probe (about 40 V at this location). By plotting a straight line to the data and taking the gradient of the line, the electron temperature is found to be about 6 eV [38] [39] [40] . This result is in good agreement with the temperature deduced from the Boltzmann relation described earlier and with downstream measurements (5.5 eV) taken with an RF compensated probe in a similar system [41] .
Summary and future work
The high density 'blue' mode in xenon first observed during tests with the HDLT prototype at ESTEC has been reproduced and characterized with various diagnostics for the first time. The addition of a blocking capacitor to the matching box that enables consistent and continuous operation at high RF powers has been described. The plasma source has been investigated at various operating RF powers and pressures. At low RF powers, the HDLT prototype operates in the capacitive mode. As the RF power is increased a discrete mode transition occurs and the plasma density increases significantly. This mode transition is accompanied by a change in the matching of the plasma and the appearance of bright white/blue plasma inside the source. As the RF power is decreased, significant hysteresis is observed. Radial measurements inside the source show a centrally peaked profile in the high density mode. These results have been compared with prior work and indicate that the high density mode may be a wave-sustained or helicon mode and that a direct E-W transition may be present in this case.
Measurements of the electrical characteristics of the matching box have been made and the Q factor shown to decrease once the transition to the high density occurs. This results from an increase in the plasma resistance consistent with the increased plasma density and the deposition of more RF power into the plasma. The exhaust of the xenon plasma created by the HDLT prototype has been investigated and the plasma downstream has been shown to follow a Boltzmann expansion. The electron temperature in the exhaust has also been determined via two different means and shown to be approximately 6 eV. Envisaged future experimental work will investigate the thrust produced by this high density mode using a recently developed momentum flux measuring instrument [42] and will aim to establish whether helicon waves are present via measurements of magnetic fluctuations with a B-dot probe. Future tests in a fully cryogenically pumped vacuum chamber equipped with appropriate diagnostics should provide insights into the influence of the downstream plasma, if any, on the formation of the high density mode generated by the HDLT prototype.
